Koral K, Erkan E. PKB/Akt partners with Dab2 in albumin endocytosis. Am J Physiol Renal Physiol 302: F1013-F1024, 2012. First published January 4, 2012 doi:10.1152/ajprenal.00289.2011Albumin in the glomerular filtrate is normally retrieved by concerted efforts of clathrin, LDL-type receptor megalin-and clathrin-associated sorting proteins. In glomerular diseases, albumin overload triggers a proapoptotic and inflammatory response contributing to tubulointerstitial fibrosis and tubular atrophy. The relationship between albumin overload-induced proximal tubule injury and albumin endocytosis remains to be discovered. We investigated presence of a possible overlap between endocytosis and cell survival. We showed a novel interaction between prosurvival protein, protein kinase B (PKB/ Akt), and adaptor protein, disabled 2 (Dab2), with coimmunoprecipitation. Further delineation of this interaction by GST pull-down experiments utilizing different Dab2 constructs identified proline-rich domain as the interacting partner. Expression of Dab2 and PKB/Akt was downregulated at high concentrations of albumin associated with apoptosis. We then examined the physiological relevance of this interaction with functional studies. Overexpression of PKB/Akt increased albumin uptake in human proximal tubule cells. Conversely, inhibition of PKB/Akt with a nonselective Akt/PKB signaling inhibitor-2 and a dominant negative construct of PKB/Akt resulted in a decrease in albumin uptake. Inhibition of Dab2 by silencing RNA abolished PKB/Akt-induced albumin uptake demonstrating the physiological importance of this novel interaction. We concluded that PKB/Akt is part of an endocytic machinery and it mediates albumin uptake through its interaction with Dab2. The role that PKB/Akt plays in the endocytic cascade may dictate its decreased expression in proteinuric states in an attempt to limit albumin endocytosis that may tilt the balance between cell survival and apoptosis toward cell death. proximal tubule; proteinuria; apoptosis PROXIMAL TUBULE EPITHELIAL cells possess a sophisticated endocytic machinery to internalize proteins from the glomerular filtrate. Under physiologic conditions, size-and charge-selective properties of the glomerular basement membrane prevent passage of plasma proteins into the glomerular filtrate.
PROXIMAL TUBULE EPITHELIAL cells possess a sophisticated endocytic machinery to internalize proteins from the glomerular filtrate. Under physiologic conditions, size-and charge-selective properties of the glomerular basement membrane prevent passage of plasma proteins into the glomerular filtrate. Based on the glomerular sieving coefficient of 0.00062, only 20 -30 mg/l of albumin are estimated to reach the glomerular filtrate in humans (16, 38) . Therefore, most of the albumin is retained in the circulation. Albumin that reaches the glomerular filtrate is internalized by receptor-mediated endocytosis in the proximal tubule cells via megalin, a unique LDL receptor superfamily member that is located at the apical site of the proximal tubule cell. Megalin has a fundamental role in apical sorting and endocytosis of ligands in proximal epithelial cells via its FXNPXY (a single letter amino acid notation and X is any amino acid) motif (36) . Adaptor proteins disabled 2 (Dab2) and ARH mediate endocytosis by binding to the FXNPXY motif of megalin (14, 28, 29) . Dab2 was described as a member of cargo-specific adaptor proteins as it binds to megalin, clathrin, clathrin adaptor 2 (AP-2), and phosphoinositides (26) . Dab2 is a very versatile protein because of its ability to convey internalization, sorting, differentiation, and proliferation signals. The role of Dab2 in cell signaling events has been shown in a number of systems. For example, chaotic and uncontrolled proliferation of cancer cells was discovered to be associated with a disappearance of Dab2 and restoration of Dab2 has suppressed tumorigenicity by reducing c-fos transcription (40) . Dab2 is also implicated in signal transduction events in cell proliferation and differentiation during development. Dab2Ϫ/Ϫ mutant embryos arrest before gastrulation and fail to grow due to significant apoptosis (27) .
Glomerular diseases are characterized by defects in the filtration barrier that allow the passage of albumin into the glomerular filtrate. High concentrations of albumin overwhelm the endocytic machinery, which may have detrimental effects on the proximal tubule cells. There is a body of evidence demonstrating that high concentrations of protein in the glomerular filtrate result in tubulointerstitial inflammation, fibrosis, and tubular atrophy leading to progressive kidney disease (7, 8, 33, 34, 37, 52, 53) . Our previous data showed that albumin at high concentrations, mimicking the nephrotic milieu, causes apoptosis in proximal tubule cells (9 -11) . We hypothesize that there is an overlap between albumin endocytosis and cell survival pathways. This balance is tilted toward apoptosis when proximal tubule cells are challenged with high concentrations of albumin. In a previous study, megalin was demonstrated to interact with protein kinase B (PKB)/Akt under physiologic concentrations of albumin (3) . This interaction was attenuated by incubation in high concentrations of albumin suggesting possible implications in albumin-induced apoptosis. To further delineate the mechanism of megalin-PKB interaction, we tested this finding in human kidney proximal tubule cells overexpressing megalin. Our results did not reveal a strong interaction between megalin and PKB. This prompted us to contemplate the possibility of an indirect association between megalin-PKB. Dab2 binds to the third NPXY motif of megalin and is a strong candidate as a mediator between megalin and PKB/Akt. Indeed, we found that Dab2 binds to PKB/Akt via proline-rich domain (PRD). The expression of both proteins was downregulated in association with albumininduced apoptosis. Furthermore, the physiological relevance of this interaction was demonstrated by albumin uptake studies.
EXPERIMENTAL PROCEDURES
Cell lines. Human kidney proximal tubule clone-8 (HKC-8) cells (courtesy of Dr. Racussen, John's Hopkins University) were grown in Dulbecco's modified Eagles serum/F12 (Life Technologies) supplemented with 5% certified fetal bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin (32) . HeLa cells were grown in Dulbecco's modified Eagles serum (Life Technologies) supplemented with 5% certified fetal bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin. Rat proximal tubule epithelial cells (RPTEC; obtained from Ulrich Hopfer, Case Western University of Case Western, OH) were grown in F12/DMEM media with 5% FBS, 5 g/ml of insulin, 5 g/ml of transferrin, 5 ng/ml of selenite, 4 g/ml dexamethasone, 0.01 g/ml epidermal growth factor (EGF), 1.2 mg/ml NaHCO 3, 100 U/ml penicillin, and 100 U/ml of streptomycin (41) . Opposum kidney (OK) cells (provided by Peter Friedman, University of Pittsburgh, Pittsburgh, PA) and LLC-PK 1 cells (porcine proximal tubule cells, American Type Culture Collection, Rockville, MD) were grown and maintained in F12/DMEM media supplemented with 5% FBS, 100 U/ml penicillin, and 100 U/ml of streptomycin.
Transfection of plasmid vector and inhibitor experiments. The large size of megalin (ϳ600 kDa) limits the molecular manipulations at the cDNA level. Cytoplasmic tail of megalin was overexpressed in HKC-8 and HeLa cells by transfection with HA-tagged chimeric plasmid encoding LRP minireceptor consisting of the fourth ligandbinding ectodomain followed by transmembrane domain of LRP and 209 amino acids of the megalin tail (mLRP/LRPTmMegT, courtesy of Goujun Bu) (49) . For overexpression of PKB/Akt, HKC-8 cells were transfected with CMV-Constitutively active (CA) PKB/Akt and wildtype (WT) PKB/Akt plasmids (courtesy of David Cook, University of Melbourne) using Lipofectamine (1, 22) . The cDNA was mixed with Lipofectamine-2000 (Invitrogen) in Opti-MEM reduced serum media (Invitrogen) and incubated overnight. Media were changed to F12: DMEM with 5% FBS the following day. Experiments were performed 48 h after transfection. Cells were maintained in serum-free media (SFM) for 16 h before the experiments. A plasmid encoding dominant negative PKB/Akt (Akt-T308A/S473A, courtesy of Rojanasakul Y, West Virginia University) was utilized to inhibit PKB/Akt expression (24) . For chemical inhibition experiments, HKC-8 cells were pretreated for 24 h with a specific inhibitor of PKB/Akt signaling, PKB/Akt signaling inhibitor-2 (API-2), at different concentrations before albumin treatment (46) .
Western blotting. For albumin uptake experiments, HKC-8 cells were maintained in SFM for 16 h before the experiments. Cells were incubated with endotoxin-free human albumin (Sigma A5843, St. Louis, MO) at different concentrations (50 g/ml, 100 g/ml, 500 g/ml, 1 mg/ml) for 1 h. At the end of the incubation period they were transferred to 4°C to terminate endocytosis and washed six times with PBS. Any membrane-bound nonendocytosed albumin was stripped by ice-cold 0.2 M acetic acid and 2 M NaCl. Samples were separated by SDS-PAGE and electrophoretically transferred to nitrocellulose membranes. The membranes were blocked in 5% nonfat dry milk in TBS with 0.1% Tween 20 and incubated with polyclonal rat antibody against albumin (MP Cappel, 55715). Dab-p96 (mouse antibody, p96 BD Transduction, 610464, BD Transduction), pan PKB/Akt (rabbit antibody, Cell Signaling 9272), and S473 PKB/Akt (rabbit antibody, Cell Signaling) primary antibodies were used to determine expression of Dab2 and PKB/Akt. Expression of proteins was normalized for ␤-actin.
HKC-8 cells were treated with 10 mg ml of human albumin for 6, 16, and 24 h and cell lysates were blotted with antibodies against total Akt (Cell Signaling, 9272), phospho serine473-Akt (Cell Signaling, 9271), Dab2 (p96 BD Transduction, 610464), and megalin (courtesy of Pierre Verroust) to examine the expression of proteins in association with apoptosis (50) .
Preparation of cell lysates. Cells were washed with PBS 2ϩ , incubated 30 min in ice-cold lysis buffer [20 nM HEPES, pH 7.4, 2 mM EGTA, 1% Triton X-100, 400 M PMSF, 50 mM NaF, 2 M microcystin LR, 2 ϫ complete protease inhibitor (Roche), 10 ng/l leupeptin, 10 ng/l aprotinin, 4 ng/l elastatinal, 2.5 mM phenanthroline, 100 M L-1ltosylamido-2phenylethyl chloromethyl ketone], and sonicated for 10 s 3 times and cleared by centrifugation at 4°C for 10 min at 15,000 g. The supernatant was retained and used for immunoprecipitation experiments (3) .
Preparation of kidney lysate. Frozen rat kidneys (Pel-freeze Biologicals) were homogenized in homogenization buffer (250 mM sucrose, 25 mM HEPES-KOH, pH 7.2, 2 mM EDTA, 2 mM EGTA) with 200 M PMSF and protease inhibitors (Roche protease inhibitor cocktail) on ice with Dounce homogenizer. The homogenate was centrifuged at 1,000 g for 5 min, and then the supernatant was centrifuged at 15,000 g for 30 min. The supernatant was utilized in GST pull-down and immunoprecipitation experiments.
Coimmunoprecipitation to examine the interaction between megalin and PKB/Akt: LLC-PK 1, OK cell lysates, and kidney lysate were immunoprecipitated with PKB/Akt mouse antibody bound on agarose beads (Cell Signaling, 3653) overnight at 4°C. After the pellet was washed three times with lysis buffer, the pellet, supernatant, and the input were separated by 4 -15% Tris·HCl ready gel (Bio-Rad) and immunoblotted with an antibody against megalin (PV). An antibody developed specifically against megalin-cytoplasmic tail of OK cells (courtesy of Daniel Biemesderfer) was utilized for blotting in OK cell lysate immunoprecipitated with PKB/Akt (54) .
To investigate a possible interaction between megalin and PKB/ Akt, HKC-8 and HeLa cells were transfected with HA-tagged mini megalin. Cell lysates were immunoprecipitated with HA mouse antibody (Covance HA.11 Clone 16B12 Monoclonal Antibody) and probed for PKB/Akt. The same membrane was stripped and reprobed with the antibody against HA tag to demonstrate the efficiency of transfection and immunoprecipitation. Supernatant (S) and 1/60 of the cell lysate (input-I) were used to examine the degree of the interaction. For experiments investigating Dab2 and PKB/Akt interaction, cell lysates were immunoprecipitated with PKB/Akt mouse antibody bound on agarose beads (Cell Signaling, 3653) overnight at 4°C. After the pellet was washed three times with lysis buffer, the pellet, S, and the input were separated by SDS page electrophoresis and immunoblotted with an antibody against Dab2 (goat antibody, Santa Cruz 7832). The same membrane was stripped and reprobed with pan Akt/PKB antibody (rabbit antibody, Cell Signaling, 9272) to demonstrate the efficiency of immunoprecipitation. As an additional experiment, reciprocal coimmunoprecipitation was performed by immunoprecipitating Dab2 (Santa Cruz, Dab2-H110, 13982) and probed for PKB/Akt (Cell Signaling, 4298).
DNA constructs. The recombinant proteins containing Dab2 1-206, Dab2 1-368, Dab2 335-610, Dab2 600 -730, cytoplasmic tail of megalin were fused to glutathione S-transferase (GST; see Fig. 4A ). The Dab2 constructs were cloned by PCR using Dab2 cDNA as template. Cytoplasmic tail of megalin was cloned by PCR using LRP-mini megalin cDNA as template. All constructs were verified by automated sequencing. Expression of inserts cloned into a pGEX-4T-1 vector under the control of the isopropyl-␤-D-thiogalactoside (IPTG)-inducible tac promoter was performed for production of GST fusion proteins.
GST-fusion pull-down experiments. GST and GST fusion proteins containing cytoplasmic tail of megalin and Dab2 constructs were produced in Escherichia coli B21 cells. Bacteria were induced by shifting log phase cultures at OD 600 ϭ 0.6. After the initial growth, bacteria were induced by adding 100 M IPTG with constant shaking at room temperature for 3 h. The bacteria was centrifuged at 15,000 g at 4°C for 15 min and stored at Ϫ80°C. Bacteria were lysed on ice with a sonicator in 50 mM Tris·HCl, pH 7.5, 300 mM NaCl, 0.2% (wt/vol) Triton X-100, 10 mM ␤-mercaptoethanol. Insoluble material was removed by centrifugation at 23,700 g max at 4°C. GST fusion proteins were immobilized on glutathione-sepharose. After extensive washing in PBS, GST fusions were eluted in assay buffer (25 mM Tris·HCl, pH 8, 200 mM NaCl, 10 mM glutathione, 5 mM DTT) on ice and dialyzed into PBS before use in binding assays. Dialyzed GST-fusion proteins were bound to glutathione-sepharose and then mixed with clarified cell lysate or kidney lysate to give a final concentration of ϳ7.5 mg/ml in 300 l of total volume. After incubation at 4°C for 60 min, the beads were separated by centrifugation, and aliquots corresponding to 1/60 of each S and one-fifth of each washed pellet (P) were resolved by SDS-PAGE and either stained with Coumassie blue or transferred to nitrocellulose membrane. The blot was probed with PKB antibody (Cell Signaling, 9272). GST was utilized as negative control.
Fluorometric assay for albumin uptake. Confluent cells were treated by FITC-albumin at 37°C for 1 h after incubation in SFM overnight. Cells were washed, transferred to 4°C to stop endocytosis, and washed six times with ice-cold PBS. Any bound but not endocytosed albumin was stripped by ice-cold 0.2 M acetic acid and 2 M NaCl. After multiple washes with PBS, cells were disintegrated by detergent (Triton X-100, 0.1% vol/vol in MOPS solution) and fluorescence was read at 492-nm excitation and 520-nm emission. Fluorescence was normalized for protein after determination of protein amount by Bradford method. The results were expressed as fluorescence/gram of protein.
Immunofluorescence. HKC-8 cells were grown on collagen-coated coverslides. Media were changed to SFM at 70% confluency for 16 h and cells were incubated in 10 mg/ml of human albumin in F12/ DMEM for 24 h. Slides were washed with PBS ϩMgϩCa and fixed in 4% formaldehyde for 10 min and blocked with 10% goat serum/0.2% Triton X-100 in PBS. Cells were incubated in primary antibody at 4°C overnight and secondary antibody at room temperature for 1 h. Microscopic detection of apoptosis was carried out on adherent cells after treatment with a nuclear chromatin dye, 10 g/ml of Hoechst 33342, for 15 min.
For colocalization experiments, HKC-8 cells were grown on coverslides, permeabilized with 0.2% Triton X-100, and fixed with 4% PFA. After being blocked with goat serum, HKC-8 cells were exposed to primary antibodies overnight and fluorescence-labeled secondary antibodies for an hour. Images were captured by Olympus Fluoview 1000 confocal microscopy.
Double transfection experiments. Dab2 plays an important role in albumin endocytosis in proximal tubule cells. To replicate this finding in our cell culture system, we transfected the cells with Dab2 small interfering RNA (Dharmacon, Smart pool) and examined albumin internalization. To evaluate the role of Dab2-PKB/Akt interaction in albumin uptake, double transfection was performed by transfecting HKC-8 cells with Dab2 siRNA followed by a plasmid encoding CA-PKB/Akt. Albumin uptake was evaluated 3 days after the first transfection. Simultaneous silencing of Dab2 and overexpression of PKB/Akt protein were demonstrated by Western blotting. Fig. 2 . Lack of interaction between megalin and PKB/Akt. There is a lack of coimmunoprecipitation between megalin and PKB/Akt in HKC-8 and HeLa cells transfected with minimegalin (A-B). Cells were transfected with a HA-tagged chimeric cDNA consisting of LRP minireceptor encoding the fourth ligand-binding ectodomain followed by transmembrane domain of LRP and the complete 209 amino acids of the cytoplasmic tail of megalin. Cell lysates were immunoprecipitated with anti-HA antibody. PKB antibody to total PKB/Akt was used to detect coimmunoprecipitated PKB/Akt (first row). The same membrane was stripped and probed with antibody against the cytoplasmic tail of megalin to demonstrate the efficiency of transfection and immunoprecipitation (second row). Supernatant (S) and 1/60 of the cell lysate (input-I) were used to examine the degree of the interaction. Immunoprecipitated samples (P) with anti-HA of the transfected and wild-type cells did not show any interaction after pull down with HA and probing for PKB/Akt. Efficiency of transfection and pull-down assay was demonstrated by strong expression of Meg-CT in the pellet. B: cytoplasmic tail of megalin was cloned using minimegalin as template. Approximately 150 g of GST and GST-megalin cytoplasmic tail (CT) immobilized on GSH-sepharose were incubated with HKC-8 or HeLa cell lysates. After centrifugation, aliquotes corresponding to 1/60 of each S and one half of each washed pellet (P) were resolved by SDS-PAGE and either stained with Coomassie blue or transferred to nitrocellulose. Blots were probed with anti-PKB. No bands were apparent in the pellets suggesting the lack of interaction between PKB/Akt and cytoplasmic tail of megalin. P and S of GST alone were used as negative controls (n ϭ 3).
Statistical analysis. Mann-Whitney U-test and Wilcoxon tests were utilized for paired and unrelated samples, respectively, by SPSS statistical program. P value Ͻ0.05 was considered as statistically significant.
RESULTS

Megalin does not have a strong interaction with PKB/Akt.
An interaction between megalin and PKB/Akt by coimmunoprecipitation experiments was previously reported (3). Additional coimmunoprecipitation experiments were performed utilizing rat kidney lysate, LLC-PK 1 , and OK cells. Cell lysates were immunoprecipitated by using mouse PKB/Akt antibody and probed for megalin. Efficiency of the immunoprecipitation was confirmed by stripping and blotting the same membrane by Akt antibody. Coimmunoprecipitation experiments utilizing various cell types did not reveal any interaction between PKB/Akt and megalin (Fig. 1) . To attain a cell culture model enriched in expression of megalin, we overexpressed cytoplasmic tail of megalin (mLRP/LRPTmMegT) in HKC-8 and HeLa cells via transfection by megalin minireceptor. Megalin minireceptor was shown to exhibit similar features as the full-length megalin with regard to endocytosis and polarization (23, 36) . WT cells or transfected cells were both immunoprecipitated with an antibody against the HA tag of minimegalin and blotted for PKB/Akt. HKC-8 and HeLa cells lysates enriched with megalin-CT did not reveal a strong band of PKB/Akt after immunoprecipitation with an antibody against mouse HA (Fig. 2) . The stripped blot was reprobed with a mouse HA antibody to demonstrate the efficiency of the immunoprecipitation. Endogenous megalin expression was potentiated by transfecting cells with megalin minireceptor in HKC-8 cells (Fig. 2, top left) . Control HeLa cells did not express megalin, as predicted, and adequate expression of megalin was achieved by transfection cells with minimegalin (Fig. 2, top right) . These findings suggested the lack of a strong interaction between megalin and PKB/Akt.
To analyze a possible protein-protein interaction in a more stringent fashion, we utilized GST-fusion protein containing the cytoplasmic tail of megalin. Pull-down experiments with HKC-8 and HeLa cell lysates confirmed lack of a direct physical interaction between PKB/Akt and megalin (Fig. 2,  bottom) . Coomassie staining of the samples was displayed to confirm the technical adequacy of the pull-down experiment.
Dab2 interacts with PKB/Akt. Dab2 is an adaptor protein that binds to megalin and its involvement in cell signaling events mediating cell differentiation and proliferation is wellestablished. Dab2 conveys endocytic and sorting signals by linking megalin to endocytic machinery (14, 26) . Therefore, we proposed that Dab2 may be a candidate molecule that operates as a mediator between endocytosis and cell survival in proximal tubule cells. We tested this hypothesis by performing coimmunoprecipitation experiments using three different cell types HKC-8, RPTEC, and HeLa. Cells were immunoprecipitated for total PKB/Akt and probed with an antibody against the p96 isoform of Dab2. Coimmunoprecipitation experiments revealed an interaction between endogenous Dab2 and PKB/ Akt regardless of the cell type (Fig. 3B) . Mouse IgG was used as negative control. Reciprocal coimmunoprecipitation experiments, immunoprecipitating cell lysates with Dab2 antibody, and probing for PKB/Akt confirmed the interaction between endogenous Dab2 and PKB/Akt. Untreated HKC-8 cells were stained for PKB/Akt (A) and Dab2 (B) by confocal microscopy . A colocalization between these two proteins was evident (C). HeLa, rat proximal tubule epithelial cells (RPTEC), and HKC-8 cells were immunoprecipitated by PKB/Akt antibody and probed for Dab2 (B). Reciprocal coimmunoprecipitation was performed by immunoprecipitating the cell lysates by Dab2 antibody followed by probing for PKB/Akt (B). P showed a band for Dab2 or PKB/Akt confirming the interaction. S and 1/60 of the cell lysate (input-I) used in the pull-down experiments were also probed to examine the degree of the interaction (n ϭ 6).
for visualization of this interaction (Fig. 3A) . The colocalization supported the presence of an interaction between these two proteins (Fig. 3AC) .
PRD of Dab2 interacts with PKB/Akt. GST-fusion proteins encoding different regions of Dab2 were produced to delineate the portion of Dab2 that partners with PKB/Akt (Fig. 4A) . The phosphotyrosine binding (PTB, 1-206) domain of Dab2 interacts with phosphoinositides (PIP2) and megalin (14, 26) . The PRD of Dab2 interacts with myosin VI, which is a motor protein that binds with the minus end of actin myofilament to transport the vesicles into the cell during endocytosis (18, 48) . GST fusion proteins representing Dab2 regions 1-206, 1-368, 335-610 (M15), and 600 -730 (PRD) were utilized for pulldown experiments. Fusion proteins bound to GST beads were incubated with rat kidney lysate and probed for total PKB/Akt. PRD of Dab2 had an interaction with PKB/Akt (Fig. 4B, right) . A faint band suggesting possibility of a weak interaction between PTB domain of Dab2 (1-206) was also visible in GST pull-down experiments. The samples were stained with Coomasie blue to confirm the size and the amount of the GSTfusion proteins used in the assay (Fig. 4B, left) .
Expression of megalin, Dab2, and PKB/Akt was downregulated in association with albumin-induced proximal tubule cell apoptosis.
We next investigated the effect of apoptotic concentration of albumin on the interaction between Dab2 and PKB/Akt and expression of Dab2, PKB/Akt. After HKC-8 cells were incubated with human albumin (10 mg/ ml) for 24 h, cells were immunoprecipitated with a pan PKB/Akt antibody and probed for Dab2. In an attempt to assess the strength of the interaction, immunoprecipitated pellet and different dilutions of the S were demonstrated. Albumin exposure did not cause a significant alteration in the interaction pattern of Dab2 and PKB/Akt (Fig. 5A) . HKC-8 cells displayed nuclear changes consistent with late apoptosis with 24-h albumin (10 mg/ml) incubation (Fig.  5B) . In a separate experiment, HKC-8 cells were incubated with supraphysiologic concentrations of albumin (10 mg/ ml) for 6, 16, and 24 h. Megalin, Dab2, total and serine phosphorylated PKB/Akt expressions were downregulated associated with albumin exposure (Fig. 5C ). The combination of these experiments suggests that high-dose albumin exposure does not affect the interaction between Dab2 and PKB/Akt regulates albumin uptake in proximal tubule cells. As a next step, to elucidate the role PKB/Akt may play in albumin uptake, HKC-8 cells were transfected by a plasmid encoding CA myristoylated PKB/Akt or WT PKB/ Akt (1). Albumin uptake was studied by treating cells with 100 g/ml of FITC-labeled albumin. The albumin bound on the cell surface but not internalized was removed by stripping buffer. The amount of internalized albumin was calculated measuring the amount of fluorescence in lysed cells after normalizing for protein amount. Cells treated with lipofectamine alone were used as a negative control. Upregulation of PKB/Akt by CA or WT-PKB/Akt resulted in a marked increase in albumin uptake compared with lipofectamine-treated and albumin-treated controls (Fig. 6) . The increase in albumin uptake was more remarkable in the cells transfected with CA-PKB/Akt. Furthermore, dominant negative expression of PKB/Akt (Akt-T308A/S473A) caused a significant decrease in albumin uptake confirming the role of Akt in albumin endocytosis (Fig. 6) (24) .
To confirm this finding, we examined the albumin uptake by Western blotting after the cells were treated with increasing concentrations human albumin at 100 g/ml, 500 g/ml, or 1 mg/ml for 1 h. Transfection with CA-PKB/Akt resulted in an increase in albumin uptake in a concentrationdependent manner (Fig. 7) . Next, we examined the albumin uptake in the setting of PKB/Akt inhibition. Akt/PKB signaling inhibitor-2 (API-2) is a small molecule that selectively inhibits PKB/Akt without interfering with upstream activators of PKB/Akt, PI3K, and PDK1 (19) . HKC-8 cells were pretreated with API-2 for 24 h followed by incubation with 100 g/ml albumin for 1 h. Inhibition of PKB/Akt activity with API-2 caused a decrease in albumin uptake in a concentration-dependent manner (Fig. 8) . Inhibition of albumin uptake in the cells treated with API-2 was less pronounced than transfection with dominant negative PKB/ Akt. API-2 was described as a pan PKB/Akt inhibitor but , d) , respectively. Expression of both proteins was downregulated after albumin exposure. Hoechst 33342 staining was used to identify nuclear changes secondary to apoptosis. Condensation and fragmentation of nuclei as a result of tubular cell apoptosis were observed with high concentrations of albumin (arrows; n ϭ 3). Western blotting of control and albumin (10 mg/ml)-treated samples at different time points (0, 6, 16, 24 h) was probed for Dab2, megalin, total PKB/Akt, and p-serine PKB/Akt (C). Albumin overload caused a decrease in expression of Dab2, megalin, total PKB/Akt, and p-serine PKB/Akt. The values were expressed as time fold change in protein expression/␤-actin of treated samples compared with control samples. The values were expressed as means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01 (n ϭ 9).
shown to display a partial inhibition in PKB/Akt expression in response to EGF stimulation (20) . Three different PKB/ Akt isoforms were described previously. PKB␣ (Akt1), PKB␤ (Akt2), and PKB␥ (Akt3) share a common homology and have the ability to compensate for each other's function. This may explain the incomplete inhibition of PKB/Akt evidenced by the blot exposed to phosphorylated serine-PKB/Akt.
PKB/Akt operates upstream of Dab2. To investigate the temporal relationship between PKB/Akt and Dab2 activation, alterations in Dab2 expression were evaluated in parallel with different expression patterns of PKB/Akt. HKC-8 cells were transfected with a constitutively active or dominant negative form of PKB/Akt. We investigated the impact of PKB/Akt upregulation on Dab2 protein expression by Western blotting. Transfection of HKC-8 cells with CA-PKB/Akt resulted in upregulation of Dab2 and inhibition of PKB/Akt expression by transfection with dominant negative PKB/Akt caused diminished expression of Dab2 (Figs. 9 and 10 ). This finding suggests that PKB/Akt is located upstream of Dab2 and/or is important in stabilization of Dab2.
PKB/Akt regulates albumin endocytosis via activation of Dab2. Dab2 is involved in albumin endocytosis. We confirmed the role of Dab2 in albumin endocytosis by assessing albumin uptake after inhibition of Dab2 by Dab2siRNA in our cell culture model (Fig. 11) . Double transfection of HKC-8 cells with Dab2siRNA and CA-PKB/Akt abrogated the PKB/Aktinduced increase in albumin endocytosis (Fig. 11) . This finding suggests that the effect of PKB/Akt on albumin internalization is dependent on Dab2 activation.
DISCUSSION
Endocytosis in the proximal tubule is an intricate process that requires coordination of multiple protein-protein interactions. A central role for adaptor protein Dab2 was implicated in endocytosis as a result of its interaction with several components of endocytic apparatus including megalin, membrane phosphoinositides, ␣-subunit of clathrin adaptor protein AP-2, clathrin, and motor protein myosin VI (14, 25, 26, 29, 31) . Dab2 is involved in receptor-mediated endocytosis in kidney proximal tubule cells; however, the exact mechanism of how it mediates albumin internalization remains obscure. Megalin and Dab2 colocalize in proximal tubule cells and mice with conditional knock-down of Dab2 manifest proteinuria and reduced number of clathrin-coated pits (28) . Dab2 is implicated in embryogenesis and is required for embryogenic viability. Dab2Ϫ/Ϫ embryos had reduced number of early endosomes, missorting of megalin and cubilin, and displayed disruption in polarity including loss of polarized distribution of megalin from apical membrane to cytoplasm demonstrating the mutual functionality of this receptor-adaptor complex (27) . These findings suggest that Dab2 is not a bystander in receptor-mediated endocytosis but crucial for sorting and trafficking. Interestingly, a recent genome-wide association analysis of 67,093 study participants (n ϭ 5,807 individuals with chronic Fig. 7 . Overexpression of PKB/Akt with CA-PKB/Akt increased albumin uptake. HKC-8 cells were incubated with increasing concentrations of albumin (100 g/ml, 500 g/ml, 1 mg/ml) after transfection with CA-PKB. Cell lysates were blotted with an antibody against albumin. Cells exhibited increased uptake of albumin after transfection compared with nontransfected cells. Cell lysates were blotted with antibodies against total and P-serine 473 PKB/Akt to ensure the efficiency of transfection. ␤-Actin was used to demonstrate equal loading. *P Ͻ 0.05 (n ϭ 3). kidney disease) identified the Dab2 locus as one of the loci that affects renal function, suggesting a role for Dab2 in progression of kidney diseases (21) .
We showed that albumin at high concentrations mimicking nephrotic milieu induces proximal tubule cell apoptosis as a preceding step to tubular atrophy, hallmark of chronic kidney disease (9 -11, 34, 39) . In this study, our aim was to investigate a cross-talk between survival pathways and endocytosis. An interaction between megalin and PKB/Akt was proposed previously (3) . Coimmunoprecipitation experiments in various cell types and rat kidney lysate did not reveal an interaction between megalin and PKB/Akt. Furthermore, coimmunoprecipitation of HeLa and human proximal tubule cells overexpressing megalin cytoplasmic tail failed to show a strong interaction between megalin and PKB/Akt. This finding prompted us to examine the presence of an alternative protein mediating this weak and possibly indirect interaction between megalin and PKB/Akt. As an adaptor protein that interacts with megalin and other endocytic proteins, Dab2 was a strong candidate for such partnership. Coimmunoprecipitation experiments utilizing HKC-8, Hela, and RPTC showed a novel interaction between Dab2 and PKB/Akt. The presence of this partnership in HeLa cells indicates that it is not specific to proximal tubule cells and megalin is redundant in this interaction. A more stringent analysis of protein-protein interactions by use of GST fusion proteins encoding cytoplasmic tail of megalin failed to show a direct interaction between PKB/ Akt and megalin but its adaptor Dab2. We demonstrated the interaction between PKB/Akt and Dab2 with both in vivo and in vitro protein-protein interaction assays. The interaction between PKB/Akt and Dab2 was confirmed by immunofluorescence utilizing confocal microscopy. The localization of overlap between Dab2 and PKB/Akt was both peripheral and perinuclear. This may be due to alterations in location and phosphorylation state of Dab2 based on the stage of cell cycle (4) .
In a recent study, a mouse model coexpressing both megalin and intracellular cytosolic domain of megalin, the soluble intracellular domain failed to display distinct effects on proximal tubule function (5) . This finding questions the ability of megalin to induce signaling events. Identification of the binding partner by GST pull-down experiments revealed the PRD domain of Dab2 as the interacting domain. PRD of Dab2 also interacts with Grb2, a protein known to bridge signal transduction between activated receptor tyrosine kinases and renin-angiotensin system (RAS)-mediated MAP kinase pathway (43, 51) . We conclude that PTB domain of Dab2 directs interactions between the clathrin, megalin, AP-2, and CLASPs where as PRD is more involved in signaling events. How these two diverse functions may converge remains to be investigated.
We also investigated the temporal relationship between PKB/Akt and Dab2. Expression of Dab2 was examined after overexpression or inhibition of PKB/Akt in HKC-8 cells. We showed that inhibition or stimulation of PKB/Akt had a direct impact on expression of Dab2, suggesting that PKB/ Akt may operate upstream of Dab2. However, inhibition of Dab2 expression with Dab2siRNA did not have any effect on PKB/Akt (data not shown). In prostate cancer, growthinhibitory, Dab2-interactive protein (Dab2IP), a member of the RAS-GTPase-activating protein, was shown to interact with PKB/Akt and inhibit its activation (42) . Despite their opposite actions in carcinogenesis, Dab2 and PKB/Akt function in concert in albumin endocytosis in proximal tubule cells. Inhibition of Dab2 by silencing RNA prevented the PKB/Akt-induced increase in albumin uptake demonstrating the physiological relevance of Dab2-PKB/Akt interaction.
PKB functions as a prosurvival molecule and directly targets caspase-3, caspase-9, the forkhead transcriptional factors, and proapoptotic mitochondrial proteins Bad and Bax (6, 15, 30, 44) . Albumin overload leads to apoptosis by activating mitochondrial pathways. The reciprocal translocation of proapoptotic Bcl-2 family member Bax from the cytoplasm to mitochondria and cytochrome c from mitochondria to the cytoplasm initiates the apoptotic response in albumin overload. The interaction between PKB/Akt and Dab2 was not influenced by albumin overload in association with apoptosis. Decrease in protein expression of megalin, Dab2, and PKB/Akt was observed with exposure to high concentrations of albumin. We propose that under physiologic conditions PKB/Akt promotes cell survival by keeping Bax in a phosphorylated quiescent state. Apoptotic concentrations of albumin cause a decreased protein expression of megalin, Dab2, and PKB/Akt. The causal relationship between endocytosis and cell death was not inves- tigated in this study. We propose that Bax is liberated from its phosphorylated quiescent state as a result of less PKB/Akt availability in albumin overload which may drive the cells into apoptosis. Based on this scenario, it may be desirable to activate PKB/Akt to promote cell survival and albumin endocytosis. We speculate that decrease in the megalin expression may be secondary to its missorting or altered trafficking associated with downregulation of Dab2.
Our experiments revealed a direct interaction between PKB/Akt and PRD of Dab2. We then sought the physiological relevance of PKB/Akt-Dab2 partnership by conducting functional studies. Alterations in of PKB/Akt had a direct impact on albumin endocytosis as demonstrated by assays of albumin uptake. Overexpression of PKB/Akt by CA and WT plasmids resulted in increase in albumin internalization, more pronounced with the CA-PKB/Akt plasmid. Inhibition of Dab2 by siRNA abolished PKB/Akt-associated increase in albumin uptake, suggesting that PKB/Akt modulates albumin internalization through its interaction with Dab2. Pretreatment of HKC-8 cells with a nonselective PKB/Akt inhibitor and transfection with a dominant negative construct decreased albumin uptake confirming the role of PKB/Akt in albumin endocytosis in proximal tubule cells. Activation of PKB/Akt depends on its translocation to plasma membrane and phosphorylation of PtdIns (4, 5) P2 (PIP2) by PI3 kinase (2, 35) . Clathrin adaptor AP-2 and CLASPs engage PIP2 via their regulatory domains. Upon cargo recognition, clathrin coat assembly occurs with recruitment of AP2 to PIP2-rich plasma membrane (17, 39) . We postulate that generation of membrane phospholipids upon cargo recognition leads to an increase in PIP2 to PtdIns (3-5) (PIP3) conversion and translocation of PKB/ Akt to the plasma membrane. We believe membrane phosphoinositides function as a major determinant at the center of the endocytic cascade possibly connecting PKB/Akt to clathrin and adaptors. PKB is a serine/threonine kinase that has multiple substrates involved in cell proliferation, insulin signaling, and survival (47) . It is also possible that PKB/Akt mediates albumin endocytosis through phosphorylation of CLASPs. We propose that phosphotidylinositides play the role of a central hub communicating with endocytotic proteins and PKB/Akt. Conversion of PIP2 to PIP3 is essential for phosphorylation and translocation of PKB/Akt from cytosol to plasma membrane where it comes to close proximity with the components of endocytic pathway. A member of class II PI-3 kinase family phosphoinositide 3-kinase C2␣ (PI3K-C2␣) was demonstrated to regulate the function of clathrin. Role of PI3K-C2␣ in endocytosis in proximal tubule cells has not been investigated, but we postulate activation of PI3K-C2␣ at the time of cargo recognition may recruit clathrin and facilitate PIP3 conversion resulting in activation and translocation of PKB/Akt to the plasma membrane (12, 13) .
In this study, we showed a novel interaction between PKB/ Akt and adaptor protein Dab2 suggesting a link between albumin endocytosis and survival pathways. We believe this novel interaction may have implications not only in endocytosis but also in signal transduction. The role of upstream molecules and how Dab2-PKB/Akt interaction relays to transmembrane receptors to stimulate endocytic pathways remain to be investigated. Moreover, the impact of PKB/Akt knock-down in protein overload model may shed light into albuminuria-induced injury in kidney. Identification of the molecular determinants of this interaction and upstream events that lead to activation of PKB/Akt in albumin uptake will enable us to decipher the specific protein-protein interactions in albumin endocytosis in proximal tubule cells.
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